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GaN FOR LED APPLICATIONS 


by 


J. I. Pankove 
RCA Laboratories 
Princeton, New Jersey 08540 


SUMMARY 


jin- order to improv e- the synthesis 'of GaN • th e effect of va^ousjl 
growth . and doping parameters has^een "studied. Although Be, Li Mg, and 
Dy can be used to overcompensate native donors, the most interesting 
acceptor element is Zn. The emission spectrum and the luminescence 
efficiency depend on the growth temperature ' (below 800°C), on the par- 
tial pressure of the doping impurity, and on the duration of growth. 
Blue-green electroluminescence with a power efficiency of 0.1% and a 
Brightness of 850 fL (at 0.6 mA and 22.5 V) has been obtained. Some 
diodes allow to change the color of the emitted light by reversing the 
polarity of the bias. Continuous operation of a diode over a period 
of 5 months showed no evidence of degradation. The luminescence 
properties of ion-implanted GaN were studied. Delay effects were found 
in the electroluminescence of diodes, although, with a dc bias, a 
70-rMHz modulation was possible. Further progress will require the 
evolution of a satisfactory theoretical model, an improvement in the 
substrate to minimize interfacial strains, and the search for a shallow 
acceptor impurity to obtain p-type GaN. 



I . INTRODUCTION 


The objective of this research was to improve the synthesis of GaN 
and to learn how to dope this material controllably , with the ultimate 
goal of generating a semiconductor with p-type conduction. It was ex- 
pected that in this direct gap material efficient electroluminescence 
should be obtained in the near UV and in the visible. Injection elec- 
troluaninescence from a pn junction was therefore the final aim of this 
program. 

Our approach |was first to study carefully the various parameters 
which are critical to tHe~generation of high quality material. Various 
dopants were tried. Zn was the most promising acceptor-like impurity. 
Although type conversion was not achieved, complete compensation of 
native donors was obtained and the material became insulating. Even 
though a pn junction was not realized, bright electroluminescence was 
obtained with compensated GaN in that portion of the visible spectrum 
which is the most Interesting for practical applications, namely in 
the blue-green. Much effort was then devoted to optimizing those pa- 
rameters which lead to improved performance of GaN light-emitting diodes 
(LEDs). In particular, we studied the incoiT)oration of Zn during vapor 
growth, by diffusion, and by ion implantation. We found some advantage 
in annealing the material to reduce mechanical strains. 

Novel test facilities were designed to facilitate the characteri- 
zation of the diodes. All this effort culminated in a 0.1% efficient 
blue-green LED, operating continuously at room temperature and having 
a luminance of 850 fL, capable of 50-MHz modulation and having a con- 
tinuously operating life in excess of 5 months. 

Finally, the attention was turned to an in-depth understanding of 
the mechanisms involved in the electroluminescence of insulating GaN. 

It is hoped that this understanding will not only permit additional 
breakthroughs in the performance of GaN LEDs but that it will also 
explain the long elusive mechanism of electroluminescence in other 
compounds such as ZnS. 

The research to be described below was only partly supported by 
this contract, most of the funding coming from RCA. 
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II.- REVIEW OF WORK DONE PRIOR TO THIS CONTRACT 


The growth technique used to prepare the GaN layers was developed 
and reported under NASA Contract No. 12-5J8. This synthesis method, 
now known as the Maruska-Tiet j en \ vapor phase~'| method (ref.l), produced 
large-area single crystals exhibiting efficient near-gap luminescence 
(ref. 2). Our measurement of the absorption edge (ref. 3) indicated 
(in spite of a systematic error in the absolute value of the absorption 
coefficient) (ref. 4) that GaN has a direct gap of. 3_. 50 eV. This con- 
clusion was confirmed by S. Bloom’s (ref. 5) band structure calcula- 
tions at RCA Laboratories and by other observations (refs. 4, 6). The 
actual absorption spectrum consists of four regions illustrated sche- 
matically in Fig. 1 and summarized briefly below: 

(1) . For photon energy less than about 1.5 eV, the dominant mech- 

anism involves free carrier absorption which varies as hv”*^. 
n is in the^r^ge of 2.5 to 3.9, depending on the doping 
(ref. 7). 

(2) In the region where 1.7 < hv < 3.0 eV, the absorption coef- 
ficient varies as (hv - 1.7)^, corresponding to a transition 
involving a deep center in the middle of the gap. 

(3) Between 3.0 and f3. 3 eV,; the absorption coefficient varies 
exponentially with hv. 

(4) Between 3.3 and 3.5 eV, a steeper exponential dependence is 
observed. 

By separating the various components, it is possible to follow the 
temperature dependence of the energy gap which approximately parallels 
the shift of the fundamental absorption edge. This data is plotted in 
Fig. 2. In the linear region above 140 K, dEg/dT = -4.8 x 10~ ^ e V/K_. 
The details of the absor ption data summa rized above will be (published 
when the experimental fwrk is completed. 

UV reflectance spectroscopy (ref. 8) at our laboratory in Zurich 
has provided fiduciary points for band structure calculations j(ref. (5) , 
the results of which indicate that the indirect valleys are at 'a very 
high potential (about 3 eV) above the conduction band minimum at the 
r center of symmetry (Fig. 3). 

The anomalous dispersion of IR reflectance near the plasma fre- 
quency was measured (ref. 9). However, to determine the carrier ef- 
fective mass from IR reflectance data one must know the carrier scat- 
tering time. 


* 


Laboratories RCA, Ltd. 


, Zurich, 


Switzerland. 
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Figure 3. Band structure of GaN [courtesy of S. Bloom (ref. 5)]. 

Undoped GaN is always n-type and highly conducting. It was soon 
found that Zn compensates the native donors, making the material in- 
sulating, and allows the observation of dc electroluminescence (ref. 10) . 
Further experiments with Zn doping in LED structures revealed the pos- 
sibility of getting blue (ref. 11), green (ref. 12), yellow or red 
(ref. 13) emission - these are shown in Fig. 4. 

UV electroluminescence has been obtained in undoped GaN by the 
following two techniques. In the first method (ref. 14), a surface 
barrier (perhaps a Schpttky barrier) is made under a dot of colloidal 
carbon ("Aquadag"). In this case, dc UV electroluminescence peaking 
at 3.22 eV has been obtained - curve E in Fig. 4. In the second 
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Figure 4. Emission spectra of various GaN LED^s. Solid lines are for 
i-n structures using Zn-doped material. Dashed and dotted 
lines are for diodes made on undoped GaN. 


approach (ref. 15), a metal-insulator-semiconductor (MIS) structure is 

/fabricated. First, a negative pulse is applied across the de vice to 

produce a surface inversion layer (rendering the surface | quasi-p-ty pe) ; ^ 
then a positive pulse is used to inject the surface holes into the n- 
type bulk where radiative recombination occurs, emitting ultraviolet 
radiation at about [3^00 A - curve F in Fig. 4. 

Because of a mismatch between the lattices of the GaN and of the 
sapphire substrate, and also because of the differences in the coeffi- 
cients of thermal expansion for these two materials, severe strains 
are generated at the sapphire-GaN interface. These strains create 
dislocations and other crystal imperfections, which can be efficient 
centers for nonradiative recombination. Some of these imperfections 
can be annealed if the GaN is separated from the substrate. Fortunate- 
ly, we have developed an etching technique (ref. 16) which can remove 
preferentially the n-type layer. Thus, the Zn-doped insulating layer 
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can be made free of the substrate and self-supporting. This uncon- 
strained material is- -then annealed in ammonia to prevent the decomposi- 
tion of GaN. PhotoluminescenCe measurements were made on such a spec- 
imen at 78 K at various stages of the annealing treatment. The results 
shown in Fig. 5 indicate that the photoluminescence efficiency increases 
by a factor of about four when the specimen is annealed above 1000®C. 

No further Improvement is obtained beyond 1050®C. Initially and after 
each annealing step, the 78 K photoluminescence spectrum peaked in the 
blue at 2.88 eV. . _ 


I 



Figure 5. Photoluminescence intensity of self-supporting Zn-doped 
GaN aft er anneal ing in a mmonia for 1/2 hour at the 
indicated temperatures . 
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Ill* MATERIAL SYNTHESIS 


GaN was synthesized from GaCl and ammonia by the Maruska-Tiet jen 
method (ref. 1). Volatile monochloride of gallium is formed by passing 
HCl in a H 2 carrier gas over hot liquid Ga. This is then mixed with 
ammonia, and the mixture is passed over a substrate where epitaxial 
growth occurs. A schematic diagram of the apparatus is shown in Fig. 6. 



Typically, the temperature of the reactor is about 950® C. Also shown in 
Fig. 6 is the sidearm used for introducing dopants during growth. 


The growth of GaN differs from the growth of other III-V compounds 
in that at the temperature of growth, GaN is unstable and decomposes 
via the reaction: 


iGaN Ga^^^ + 


( 1 ) 


9 


However, the reaction: 


Gael 


(g) 


+ NH 


3(g) 


GaN 


(s) 


+ HCl 


(g) ® 2 (g) 


( 2 ) 


is much faster than the decomposition reaction and therefore growth r' 
occurs (ref. 17). Present best estimates of the dissociation pressure” 
of GaN lead to N 2 pressures of about 1000 atm at 1000® C. It is believed 
that the residual donor concentration in as-grown GaN arises from its 
high concentration of nitrogen vacancies, again related to the high 
dissociation pressure at growth temperatures. 

Another complication in the growth of GaN is related to the sensi- 
tivity of reaction ( 2 ) to the catalytic properties of the substrate sur- 
face. GaN and sapphire appear to be the most favorable surfaces for 
promoting reaction (2), whereas Si and GaP appear to be poor catalysts 
and therefore it is difficult to grow GaN on them. It is because of 
this catalytic effect that sapphire has been almost exclusively used as 
a substrate for GaN growth. However, sapphire does not match GaN in 
its lattice structure, lattice constant or coefficient of thermal ex- 
pansion. The grown layers are highly strained. Upon cooling, the 
sapphire shrinks more than the GaN; hence, the wafers are usually con- 
cave on the sapphire side. Often, the sapphire, being under tension, 
fractures into many pieces that are held together by the GaN layer. 

Although GaN should exist in a cubic form, as well as hexagonal, 
only the hexagonal form has been obtained. X-ray lines of the cubic 
form have been observed in some of the powder residues found in the 
reaction tubes, but crystals of this form have never been isolated from 
the mixture. We have grown GaN on other substrates which were expected 
to be better matches to GaN (tungsten, 3Sic, Zr, BP, and ZnO) , but have 
always obtained polycrystalline layers of hexagonal GaN. In the case 
of ZnO, this substrate decomposed during growth, breaking up the GaN 
crust. 

GaN has the Wurtzite crystal structure with lattice constants 
a - 3.18 A and c = 5.18 A (ref. 18). The cubic phase has a lattice 
constant of 4.51 A (ref. 19). 

After extensive experimentation with various flow rates, the follow- 
ing values were found to give the best results in terms of lowest elec- 
tron concentration and highest mobility: 

HCl. 30 cc/min + H 2 300 cc/min 

NH 3 3000 cc/min + H 2 300 cc/min 

H 2 300 cc/min in sidearm 


Although GaN has been grown at temperatures ranging from 750° to 
1050°C, the furnace temperature was optimized at 950°C. The gallium is 
also held at 950°C, with one exception, to be discussed later. Only h 
the sidearm furnace temperature was varied, and this was done to con- 
trol the vapor pressure of the dopant. The exception deals with the 
effect of growth temperature on Zn doping. At the lower temperatures, 
the material tends to be polycrystalline, whereas at the higher tempera- 
tures, the growth rate is reduced by favoring reaction (1). 

The orientation of the sapphire substrate did not appear critical 
to the quality of the. undoped GaN. However, the dependence of orienta- 
tion on the performance of light-emitting diodes has not been studied. 
These were always grown on 1102 sapphire. 


) 
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IV. DOPING EXPERIMENTS 


A. Berylium 

The Be located in the sidearm of the furnace was exposed to a stream 
of HCl to produce a vapor of BeCl2* The temperature of the Be source, 

TBe> ranged from 400° to 900°C. 

The incorporation of Be in GaN becomes noticeable as a drop in 
electron mobility when T^^ > 500°C. When Tg^* exceeds 600° C, the re- 
sulting GaN becomes insulating at room temperature. 

Photoluminescent spectra of this material were taken at room tempera- 
ture and at liquid-nitrogen temperature using a UV HeCd laser as a source 
of. excitation. Typical spectra are shown in Fig. 7. The spectra are 



Figure 7. Photoluminescence spectra of Be-doped GaN. 
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characterized by a broad emission peaking at 2,16 + 0.04 eV. It was 
noted in particular that the near-gap emission at about 3.47 eV (ref. 2) 
and the donor-acceptor pair recombination at 3.3 to 3.1 eV (ref. 6) were 
absent in most insulating Be-doped samples and very weak in other speci- 
mens. From this experiment, it is concluded that Be may form a deep 
center (probably a Be-N-vacancy complex) with a binding energy of 2.16 
eV. Our results differ from those of Ilegems and Dingle (ref. 20) who 
find in semi-insulating Be-doped GaN a very pronounced near-gap peak, 
the intensity of which is comparable to that of the 2.16-eV peak, and 
a weaker donor-acceptor pair structure. 


B. Cadmium 

Blue photoluminescence, similar to that obtained with Zn, has been 
reported by Ilegems et al. (ref. 21) and had been observed in our earliest 
experiments with Cd which was found to contain a high concentration of 
Zn as an impurity (200 ppm) . 

For our most recent attempts, the Ccl was analyzed and found to con- 
tain 5.2 ppm of Zn. The Cd source was operated in the range of 400° to 
875°C, a range over which the vapor pressure of Cd is more than one order 
of magnitude greater than that of Zn (ref. 22). Material grown with 
source temperatures, Tqj > 600°C, exhibited some blue photoluminescence 
and a dominant near-gap emission at 3.44 eV. This contrasts to the 
behavior of heavily Zn-doped material where only blue light is emitted 
and no near-gap componen t is pres ent. A spectrpmetric analysis oj the 
GaN revealed thatfthere were 4.5 ppm Cd and 1^2 ppm Zn in the GaN. Hence" 
we could conclude that the blue [2. 75-eV- emission is due to the presence 
of Zn in GaN. The furnace liner, which was coated with GaN during the 
Cd doping runs, exhibited photoluminescence peaks in order of decreasing 
intensity at’ 3.43, 3.32, 2.80, and 2.15 eV, as shown in Fig. 8. 

Our results raise a serious doubt as to the previously published 
(ref. 21) interpretation of luminescence measurements in ”Cd-doped" GaN. 


C. Sodiimi 

To dope GaN with sodium, the Na source was heated to temperatures, 
%a> from 280° to 500°C. Although arc spectroscopy revealed up 

to 60 ppm concentration of Na in GaN, there was no other clear evidence 
for the presence of Na in the crystal: The carrier concentration and 

mobility remained substantially unaffected, and the emission spectrum 
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3.5 3.0 

hv (ev) 


Figure 8. Photoluminescence spectrum of Cd-doped GaN 
(data taken at 78 K) . 

peaked mostly at 3.15 eV in a 0.4-eV-wide band at half maximum (Fig. 9). 
The peak coincides with the usual donor-acceptor transition (ref. 6). 

It must be pointed out that in our undoped GaN the donor-acceptor band 
is usually much weaker than the near-gap peak at 3.45 to 3.48 eV. 

Hence, it is conceivable that sodium might form a shallow acceptor which 
is over-compensated by donors (either the presumed N-vacancies or 
perhaps interstitial Na) . 

D. Calcium 

Calcium was evaporated in the sidearm at a temperature, in 

the 800° to 900°C range. The resulting GaN contained several parts per 



EMISSION INTENSITY (ARBITRARY UNITS) 


hi/ (eV) 


Figure 9. Photoluminescence spectrum of Na-doped GaN. 


million of Ca. No effect was observed on the carrier concentration or 
the mobility. However, the photoluminescence spectrum exhibited a peak 
at about 2.9 eV (Fig. 10), which could be attributed to a radiative 
transition at a Ca center. 


Dysprosium 


HCl was passed over Dy in the sidearm at 800°C. The resulting 
GaN was semi-insulating and exhibited a broad photoliaminescence peak 



EMISSION INTENSITY (ARBITRARY UNITS) 



Figure 10. Photoluminescence spectrum of Ca-doped GaN. 


at about 3.15 eV (Fig. 11). Since this emission falls in the range where 
one can obtain donor-acceptor recombination in undoped material, it may 
be too hasty to conclude that Dy is responsible for this peak. On the 
other hand, the absence of the near-gap emission strongly suggests that 
the capture cross section of Dy is the dominant factor in the pair 
recombination. Further study of this impurity is needed, especially in 
the infrared, since Dy should have a radiative transition at 2.5 ym. 



EMISSION INTENSITY (ARBITRARY UNITS) 



Figure 11, Photoluminescence spectrum of Dy-doped GaN. 


F. Carbon 

To dope GaN with C, either CH 3 or CN. gases were introduced into the 
reaction tube. C~doping had no noticeable effect on the photoluminescence 
of GaN, but the electron concentration was raised into the 10l9 cm"^ 
level • 


G. Magnesium 

The Mg-doping of GaN has been successfully accomplished by H. P. 
Maruaka at Stanford University (ref. 23). The material becomes in- 
sulating and exhibits an efficient 'photoluminescence at 2.9 eV. We have 
played a minor part in this effort by contributing some of the early 
measurements (ref. 24). 



LIGHT INTENSITY (ARBITRARY UNITS) 


H. Lithiiam 


For Li-doping, the GaN was grown by M. T, Duffy of our laboratories 
using the metal-organic vapor deposition technique of Manasevit et al. 
(ref. 25). jin this method, trimethylgallium is reacted with^NH 3 at about 
1000°C on a sapphire substrate supportedby an rf-heated graphite sus- 
ceptor. This method is described in greater detail in reference 26. 

When the resulting GaN is not deliberately doped, an electron concentra- 
tion of about 10l9 cm“^ is obtained, which is one order of magnitude 
higher than that obtained by the GaCl method of Maruska and Tietjen 
(ref. 1). In order to introduce Li, the rf-heated graphite susceptor 
was impregnated with Li before growing the GaN. The resulting GaN was 
insulating. 

The photoluminescence spectrum of Li-doped GaN is shown in Fig. 12. 

A peak at 2.23 eV is obtained in addition to the near-edge and the donor- 
acceptor emission peaks at 3.48 and 3.3 eV, respectively. This spectrum 
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is similar to that obtained by Grimmeiss and Koelmans in powdered or 
microcrystalline GaN (ref. 27). 


I. Zinc 

Zn-doping compensates the native donors of GaN and forms a center 
responsible for efficient blue photoluminescence (ref. 28). Since Zn- 
doped GaN has been very successful as an electroluminescent material, 
most of our attention was devoted to the study of this dopant. The 
following procedure was adopted. First, undoped layers were grown. 

These had an electron concentration of about 2 x 10 l 8 cm“3 and a mobil- 
ity of about 130 cm2/V*sec. Then, these crystals were cut into two 
pieces. One of these pieces and a companion virgin sapphire substrate 
were placed in the reaction chamber. Thus, it was possible to study the 
electrical and optical properties of the Zn-doped layer grown directly 
on the sapphire substrate, and also the properties of i-n diodes made 
with the two-layer GaN. 

1. Dependence of Material Properties on Source Temperature . - The 
temperature of the Zn source was changed from run to run over the range 
of 280® to 460®C. This corresponds to a partial pressure of Zn in the 
range 8 x 10“^ to 6 x 10“1 Torr (ref. 22). When GaAs is Zn-doped in 
this range of partial pressures, the corresponding hole concentration 
falls in the range 1 x lO^^ to 6 x 10 l 8 cm”5, thus providing a calibra- 
tion curve for the acceptor concentration incorporated in GaAs under 
similar conditions of growth (ref. 29). However, results obtained with 
GaAs do not necessarily imply identical Zn concentrations in GaN. The 
Zn-doped runs lasted two minutes at each Zn-source temperature, T^^* 

The electrical measurements (Table I) show that when the Zn-source 
temperature (T^^) is at or above 415®C, an appreciable drop in carrier 
concentration and mobility is obtained, as expected from partial com- 
pensation. Above a 425®C Zn-source temperature, complete compensation 
is obtained. 

The photoluminescent spectra (Table II) of all the Zn-doped speci- 
mens (except the material grown at the lowest T^n) exhibit the blue 
emission peak at 2.86+0.02 eV. The half width of this band is always 
about 350 meV. The near-gap emission at about 3.45 eV is observable 
only in the specimens grown with T^n 425®C. The near-gap peak is the 
dominant emission for the two lowest Zn dopings, obtained at T^n = 280® 
and 320®C. 

For the photoluminescence measurements made at liquid-nitrogen 
temperature, the intensity of the blue emission increases with up 
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to that temperature for which complete compensation occurs; and beyond 
this point the luminescence efficiency seems to saturate (Fig, 13a). 
Measurements made at room temperature, on the other hand, show that the 
luminescence efficiency is maximum at about = 415°C, corresponding 
to growth conditions when substantial compensation occurs (Fig. 13b). 

At the higher range of the apparent drop in room-^temperature effi- 

ciency reflects the onset of temperaturer-dependent nonradlative processes, 
as will be shown next. 

2. Temperature Dependence of Photoluminescence . - The photoluminescent 
efficiency drops rapidly above 160 K (Fig. 14). The centers respon- 
sible for competing nonradiative transitions have a thermal activation 
energy in the range of 0.44 to 0.19 eV for specimens grown in the T^^ 
range of 410° to 450°C (only a few specimens were tested) . These values 
of activation energy for the nonradiative recombination are consistent 
with those obtained by Ilegems et al. (ref. 21) in very lightly doped 
GaN. 


The emission peak of the material used to obtain Fig- 14 occurs at 
2.85 + 0.01 eV over the temperature range 78 to 286 K, confirming the 
findings of Grimmeiss et al. (ref. 28) and of Ilegems et al. (ref. 21) 
that this peak does not shift substantially with temperature. This 
temperature independence contrasts with the change, of the order of 
100 meV, for the energy gap over this temperature range. The markedly 
different spectral behavior of the 2.85-eV emission line and of the 
energy gap is an empirical indication that the Zn center may be associ- 
ated with a vacancy (ref. 30). 


3. Dependence of Photoluminescence on Excitation Intensity . - The 
photoluminescence of several Zn-doped layers was measured at 78 K as a 
"function of the intensity of the UV excitation. A set of calibrated 
filters was used to attenuate the incident radiation from a UV laser. 
Figure 15 shows that the output is nearly proportional to the input over 
about 4 orders of magnitude (the maximum level of excitation in this 
case being about 3 mW) . The emission peak shifts to higher photon 
energies with increasing excitation (Fig. 16). This plot suggests an 
exponential dependence L ^ exp I^’(Eq ^ 5 meV) which would be expected 

from an exponential distribution of states either in the conduction 
band or in the impurity band (or in both). A 5-meV tailing coefficient 
in^ another compound, GaAs , is commonly found, in lightly doped materials 
(ref. 31). Hence, the GaN used in Fig, 16 (grown with Tzn = 425°C) does 
not appear to be seriously strained or strongly doped, at least not 
near the surface. 
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■ Figure 16. ' Spectral shift as a function of excitation 

intensity. ^ -- 

4. Effect of Growth Temperature on the Properties of |zn-doped GaN ., - A 
series of crystals were grown at different temperatures on a blank” sap- 
phire substrate and on a previously grown undoped n- type crystal. Each 
crystal was grown for 5 minutes. The growth temperature started at 
[9'60®C‘and was dropped initially in 20® steps until 760®C; a final run 
^as made at. 700®C. The partial pressure of Zn was maintained constant 
during all these runs by maintaining T^n at 425®C. All of the crystals 
grown on blank sapphire substrates were insulating. 

The photoluminescent efficiency was measured at 78 K. The result, 
plotted in Fig. 17, shows that the efficiency is nearly independent of 
the growth temperature above 850®C. However, there is a rapid drop in 
efficiency for crystals grown at the lower temperatures. 
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o GROWN ON SAPPHIRE 
• GROWN ON nGoN 


1000 


GROWTH TEMPERATURE 


Figure 17. Dependence of photoluminescence efficiency on the 
temperature at which the Zn^-doped GaN was grown. 


For material grown below 800°C, the spectral , dependence, is very 
pronounced (Fig. 18) , starting from red and rapidly reaching blue. 
Growth temperature between 800® and 960®C has veryllittle effect on the 
emission spectrum which shifts slightly to higher phbtoh'energies with 
increasing growth temperature. 




GROWTH TEMPERATURE, 

Figure 18. Effect of the growth temperature on the position 
of fluorescence peak of Zn-doped GaN. 


5. Effect of Growth Duration on the Properties of Zn-doped GaN . -lAs 
the crystal grows, the interfacial stress is gradually relieved. Such 
stress relief must affect the ability to incorporate Zn and the effi- 
ciency of the radiative process. 

Several Zn-doped layers were grown at 950®C = 448®C) for 

durations ranging from 10 sec. to 20 min. 

At room temperature, there is no correlation between the emission 

/sp'ectra and the growth duration, t. H owev er, a^78 K, as _t increases , ‘ 
the emission peak shifts to lower ener'^gi^ while the linewidth broadens 
(Fig. 19). The photo luminescence efficiency goes through a maximum 
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on growth duration of Zn-doped GaN, 


^i^iri:he~growth durati'on~ is one minute (Fig. 20). The lower efficiency 
of thinner layers may be due to the presence of interfacial strains 
which could cause a dominance of nonradiative recombination, i^s the 
crystal grows thicker, the stresses decrease and more Zn 1 is accommodated 
into the lattice. The presumed increase in Zn concentration is con- 
sistent with the spectral broadening and j shift to lower photon energies. 

The data obtainable at 2 min. growth-time is compatible with the 
data presented earlier, when T^^^ was the parameter varied between two 
minute growths. 
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V. ION IMPLANTATION 


Ion implantation permits the introduction of a known concentration 
of an isotopically pure elemental impurity into a thin layer at the sur- 
face of the crystal. 

One drawback of implantation is the tremendous damage induced in 
the crystal independently of the element used. The implanted region 
is visibly darker than the unimplanted region and exhibits highly in- 
sulating Iproperties — probably because of very low carrier [mobility. 
However, after annealing, electrical andjbpt^cal properties are recovered. 
The annealing treatment is done in an ammonia ambient to prevent decom- 
position. 

Ge+ was implanted to produce a constant doping [profile of 1-0 x' 10^^ 
cm“^ between 420 and 60 A from the surface. After annealing, the near- 
gap photoluminescence peak at 3.4 eV reappeared. Another peak at 2.1 eV 
was enhanced. However, no structure between 2.0 and 3.5 eV could be 
found that mightbe characteristic of Ge. Our earlier work with Ge 
doping jfrom_ the* vapor’ phase also did not produce luminescent peak 
characteristic of Ge. On the other hand, heavy [dopi^i with Ge increases 
the electron concentration and causes a shift of ^e_J'ermi level i^to 
the conduction band — this shows up [as a iSrt^adening and a shift of 
the near-gap emission spectrum (ref. 32). . ^ 

Be“^ implanted into GaN shows, after annealing, a broad peak at 
2.16 eV which is characteristic of Be; the same peak is obtained when 
this element is introduced from the vapor phase. 

Mg"*", on the other hand, gives a new photoluminescent peak at [2.34 eV^'^ 
Mg-doping from the vapor phase always [yields' only one peak at 2.9 eV 
(refs. 23, 24) . 

Ca"^, Dc"^, Ag"*”, Sr*^, Li"*", and c"*" were implanted into different areas 
of the same GaN crystal containing 3 x 10^^ electrons/cm^. The implan- 
tation was programed to place 5 x 10^® ions/cm^ forming a flat profile 
extending about 400 Ibelow the surface. After implantation, the crys- 
tal was annealed at /j^050°Ci for about 1 hr., and, after annealing, the 
surface layer appeared conducting. The implantation schedule and the 
resulting photoluminescence|~spectfa are summarized in Table III. 


*This work was done in collaboration [^thj J . A. Hutchby (NASA Langley 
Research Center) . 
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Zr& produced the expected peak at 2.87 eV. The efficiency of this 
peak kept increasing with each [annealin g, step.. However, the highest 
annealing temperature was 1050® C — frbm*^^ious experience, some 
decomposition of GaN is obtained at 1100®C. 

To find the effect of doping concentration on photoluminescence, 
an undoped GaN wafer was mounted behind a metallic mask haying an .open 
60® sector. Thus, six different doses of Zn"*" could be implanted in 
different regions of the same crystal. The data is tabulated in Table IV, 
and thet resulting spectra are reproduced in Fig. 21, ' . 



Figure 21. Photoluminescence spectra of GaN Zn-doped by ion 

implantation. The six curves correspond to different 
Zn concentrations ranging from (1) 1 x 1 0^^ cm~3 to 
(6) 2 X 10l9 cm 3 (see [Table IV) . This data was taken 
at room temperature. 
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TABLE IV 


Effect of Zn"*" Implantation 


Position 

2 

Bose in ions/cm 

at Each Energy 

Zn 

Concentration 

cm"3 

100 keV 

56 keV 

29 keV 

l4 keV 

1 

2.4 X 10^^ 

7.9 X 10^^ 

5.4 X 10^^ 

3.5 X 10^^ 

1 X 10^8 

2 

4.9 X 10^^ 

1.6 X 10^^ 

12 

1.1 X 10 

6.9 X 10^^ 

2 X 10^® 

3 

7.3 X 10^^ 

2.4 X 10^^ 

■ 1.6 X 10^^ 

12 

1.0 X 10 

3 X 10^® 

4 

1.2 X 10^^ 

12 

3.9 X lo"-^ 

12 

2.7 X 10 

12 

1.7 X 10 

5 X 10^® 

5 

1.9 X 10^^ 

6.3 X 10^^ 

4.3 X 10^^ 

2.8 X 10^^ 

8 X 10^® 

6 

4.9 X 10^^ 

1.6 X 10^^ 

1.1 X 10^^ 

6.9 X 10^^ 

2 . X 10^^ 


As with\yapor-dopedi GaN:Zn, the efficiency of photoluminescence at room 
temperature has a marked dependence on the Z'n concentrjition. This de-. 

' peTid^nce, ;plott^ in Fig.,‘ 22,' suggests that the *photolumines cent effi-' ,- 
cency is inversely proportional to the logarithm of the Zn conc¥ntrati’6n 
or, in other words, that the probability for nonradiative transition 
increases with the logarithm of. the^impurity^ concentration. 

For the purpose of [Associating the emission spec trjjm* with a given 
impurity, it is not evident that the distribution profile need be 
constant near the surface. A special experiment, using Zn"^, was de- 
signed to answer this question. A GaN wafer containing 3 x 10^® elec- 
trons/cm^ was implanted over one region with 100-keV Zn“^ and over an- 
other region with fluences and energies designed _t^ produce a flat 
profile of 5 X 10^® Zn/cm3. The information [schedi^l^ is shown in 
Table V. 

After annealing for 1 hr. at 1000®C in ammonia, both regions 
produced fi'denticall photoluminescent spectra peaking at 2.88 eV. Hence, 
for the purpose of spectroscopic impurity identification, the implan- 
tation .prof ile is not critical.. 
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PHOTOLUMINESCENT EFFICIENCY (REL. UNITS) 


2 3 4 5 6 8 10 

CONCENTRATION OF IMPLANTED Zn 


20 xIO cm 


Figure 22. Dependence of the photolumlnescence efficiency 
at room I temperature , on the concentration of 
implanted Zn. 


TABLE V 

Zn Implantation Schedule 


Position 


Fluence at Tabulated Energy 


100 keV 

1.2 X 10^^ 

1.3 X 10^^ 


56 keV 

29 keV 

3.9 X 10^^ 

2.7 X 10^2 

0 

0 


14 keV 
1.7 X 10^2 
0 











VI. GaN LIGHT-EMITTING DIODES 


A. M-i-n Diode Fabrication 

The electroluminescence of GaN has been studied using the structure 
illustrated in Fig. 23. First, an undoped n-type conducting layer is 
grown on sapphire. Then a thin Zn-doped insulating layer is grown on 
the n-type layer. The wafer is cut into l-mm-diameter discs or squ^^s 
which are then soldered with indium to a ceramic support. This periph- 
eral solder makes an ohmic connection to the n-type layer, A small 
[ind ium dot sj?ld^ed at the center of the insulating layer forms a 10"^-cm^ 
area of nonohmic connection. ^ ' 


Au 



^Figure 23. Structure of the GaN LED. 


B. LED Performance 

When current is passed through the diode, light is emitted in the 
insulating layer. This process can occur with either polarity of bias, 
generating cw light at room temperature. The luminescence mechanism 
is discussed later. 


1. Electrical Characteristics . - The I-V characteristic of the diode 
exhibits a (p^er: dependence: I V^, where n can be in the range of 

3 to 6 at low currents (less than about 10“^ A) , becoming approximately 
2 at higher currents. The quadratic dependence of the [l-V "characteristic^ 
(Fig. 24) is suggestive of transport by single-carrier charge-limited 
current in the presence of traps (33) . The dependence of current on 
voltage becomes stronger when the electric power input is of the order 
of 0.5 W, causing the diode to become warm. Light is emitted mostly 
over the quadratic portion of the I-V characteristic, and the emission 






Figure 25. I-V characteristic of M-i-n diode using Zn-doped GaN. 


2. Emission Spectrum . - The electroluminescent emission spectrum falls 
in the visible range. Various examples of spectra obtained were shown 
in Fig. 4. The spectral position of the emission peak is determined by 
growth conditions, such as the Zn vapor pressure during growth, the rate 
of growth, and the duration of the growth. The spectral width at half 
maximum is at least 350 meV. As the current through the diode is in- 
creased, the emission intensity grows, but does not shift in position. 

In some diodes, the shape and position of the emission spectrum depend 
on the polarity of the bias. Thus, blue light is emitted when the 
indium dot is biased negatively; green land yellow light can be gener- 
ated with either polarity; red is usually found only with a negative 
bias in diodes which, with a positive bias, emit either yellow or 
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green light. For our brightest diode, the emission spectrum peaks at 
2.39 eV (5190 A) and has a linewidth of 0.41 eV (Fig. 26). 



eV 

Figure 26. Emission spectrum of GaN LED of Fig. 25. 

3. Efficiency . “ The radiated power is usually proportional to the 
electric powe^ inpu^ but tends to saturate when the power input [exceeds' 
0.5 W. If ,[liowiver , the diode is pulsed, the linear dependence of power 
/output on driving p ower can be extended by about one order of magnitude. 
For our best diode,] the lighlT' output rises rapidly at first, and then 
becomes nearly linear with the input power (Fig. 27) . From the latter 
data one can see that the power efficiency is about 0.1%. 




ELECTRICAL POWER INPUT (watt) 


Figure 27. Radiated power output at 5190 A vs. electrical power 

input for GaN LED. |^he +- signs refer to the polarity 
of the metal j^electrode. • 


External power efficiencies of 10~^ have been obtained several 
times, with yellow as well as green light-emitting diodes; however, 
power efficiencies in the range 10“^ to 10"^ are more common. 

The brightness or luminance^ of a diode having a circular luminous 
spot 400 ym in diameter measured y300 fL (1^ Cd/m^) at a current level 
ofj^ mA and an applied voltage of 50 V. Anoth^ diode had a luminance 
of '850 fL at 600 uA and 22.5 V. ' 
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4. Life , - One of our better diodes was subjected to a life test under 
a continuously applied dc bias of 32 mW. The- output showed no evidence 
of degradation over a [period of more than 5 months (Fig, 28). 



DAYS 


Figure 28. Life test data for GaN LED. The instability is 
[attr^buted^ to a noisy contact. 


5. Luminescence Delay . - A delay has been found between the onset of 
electroluminescence and the application of a step excitation (Fig. 29). 
This delay is tentatively attributed to the emptying of deep traps. 

The delay of the luminescence Jias an inverse depe ndence on the current 
but not a linear one (Fig. 30). Hence_, it is difficult to evaluate ’ 
an average trap density. With a negative bias, on the other hand, a 
, much shorter delay is observed (Fig. 31b). 

If a short probing pulse is superimpos^ on the excitation pulse, 
one can explore the status' of the traps |at various times during the 
excitation. This is shown in Fig. 32. The bright trace of Fig. 32(b) 
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"Figure 31. Oscillograms of electroluminescence under pulsed 

condition for two values of excitation for each of: 
(a) positive bias on M; and (b) negative bias on M. 
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Figure 32. | (a) Time dependence of applied voltage pulse. The gray 

region is produced by the probing pulse which sweeps 
along the time axis, (b) Time dependence of luminescence 
in response to the above excitation. The gray region is 
produced by the sweeping probing pulse, (c) Wave shape 
of excitation and light output with probing pulse 
stationary at a time when all the traps have been filled. 
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shows the intensity of luminescence during the excitation. At this 
current level, the delay is negligible compared with the time scale 
used. However, [n ote rhat the lumi nescence co nti nues to rise gradually . 
as additional traps are emptied. The evolution of trap / Sip t ying', is 
stabilized after 4 ysec, whereupon the emission intensity remains con- 
stant. We shall call this condition the “steady state.” The envelope 
of the dimmer region of Fig. 32(b) is the luminescence intensity during 
the short (100 nsec) probing pulse which scans along the excitation 
pulse from fr^e to frame in this multiple expo sure picture. The incre- 
ment of [iumi nescence-^dur i ng *the probing/ - pulse grows with the avail-" ~i 
ability of empty traps. Furthermore, the response to the probing pulse 
is fastest during "steady state." When the excitation is turned off, 
the luminescence decays in a time of the order of 1 ysec. 

6. Frequency Response . - The metal-insulator-semiconductor structure 
forms a capacitance of the order of 10”^^ F. Hence, [ alth ough the re- 
combination process in GaN is very fast (less than 10 nsec), the high- 
frequency performance of the diode is expected to be limited by its RC 
time constant. 

The resistance involved in determining the rise time of the diode 
is the lateral internal resistance of the n-type layer between the 
region under the indium dot and the peripheral ohmic contact. [T his re- 
sistance is estimated to be of the order of 1 ohm. Hence, the fre- 
quency response is not expected to be limited by the rise time. How- 
ever, as we have seen in the previous section, a delay in [lumijies cence 
could limit the frequency response. On the other hand, if the diode 
is biased into the steady state condition, a[-fast response should be 
obtained. 

The decay time, however, is determined by the shunting resistance 
across the insulating layer. Note that the insulating layer may be 
inhomogeneous and comprise* microscopic conducting inclusions [which*' 
transform the insulating layer into a random network of capacitors and 
resistors in complex series and parallel combinations. In this case, ^ 
both rise and fall times would be determined by the R and C network 
inside the [insulating' layer . 

The I-V characteristic is nonlinear; therefore, the resistance 
varies with the bias. Although light emission begins at a bias corre- 
sponding to a shunt resistance of 10^ to 10^ ohms, at higher currents, 
the internal resistance can ^rop by two or three orde rs of magnit ude. 
Hence, to operate thef diode at high frequencies, a dc b ias i s xxsedT Td 
place thefdiode in a low dynamic resistance* range and into the steady ' 
state conditon to avoid the delay effect. -- 

Figure 33 shows thefresponse ' of the diode to a 40-mA pulse super- 
imposed on a 60-mA, 12-V dc bias. The instrumental limitation to the 
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Figure 33. I Response - of GaN diode to a 40-mA pulse (upper trace) 
superimposed on a 60 mA 12 V dc bias. The lower 
trace/ is thejoutput of the photomultiplier. 


response time imposed by the pulse generator is 10 nsec. The rise and 
fall times are about 15 nsec. Without a dc bias, a decay time constant 
of the order of 1 ysec was obtained. 

Next, a high-frequency generator driving the diode with about 0.5\V 
was used to superimpose its output on the dc bias of the diode. The^ 
output of the photomultiplier was fed into a spectrum analyzer which 
was used. as a tunable receiver and permitted to measure the amplitude 
of the light signal. The [outputj was flat up to 50 MHz. As shown in 
Fig. 34, a sharp^resbnance,was observed at 65 MHz before an abrupt’ 
cutoff at 75 ^z.'^ We have no explanation for th^6b^fved‘|i^son 
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VII. MODEL FOR ELECTROLUMINESCENCE IN GaN 


Here we shall be concerned with a model for the electroluminescence . 

mech anism operant in t he GaN M-i-n di ode. Let us first review the most^ 

pertinent facts : 

1. Light is emitted with both polarities of bias. 

2. /Emis sion occurs: in the i-region at the cathode. 

3. The emission spectrum does not shift or broaden with increasing 
current . 

4. is a current-dependent luminescence delay with positive 
bias on M. 

5. There is no luminescence delay with a negative bias on M. 

6. The I-V characteristic first rises rapidly, then I varies 

approximately as _ 

7. I A similar, though" no"t identical, I-V characteristic is obtained j 

jwith eit her polarity of bias. _ ^ 

8. Light is 'emKted“over' the” of quadratic I-V dependence. 

Clearly, the luminescence process and the {useful charge transp^T> 
must occur inside the insulating layer. However, the voltage for the 
onset of electroluminescence does not seem to depend on the thickness 
of the i-layer. Further, in diodes where a very thick i-layer is used, 
one can rely on the depth resolution of a stereoscopic microscope to 
verify where the light originates: when the In dot is negative, the 

light is emitted at the M-i interface; when the polarity is reversed, 
the light is generated at the i-n interface; i.e., the light is always 
generated at the cathode. These two observations, that the light ^is 
produced at the cathode and that the voltage for the onset of electro- 
luminescence is independent of the insulator’s thickness, suggest that 
the high field region extends over a short distance from the cathode. 

The following model is proposed to explain these observations. 

At the operating bias which is applied [across the insulating layer, 
field emission transfers electrons from the deep acceptors to the con- 
duction band. This field emission may be enhanced by inhomogeneities 
in the insulating region, such as a plurality of sharp points. The 
numerous corners formed by the edges of the growing crystalline facets 
(Fig. 35) could well act as these sharp points. The smallest resolv- 
able steps between facets in Fig. 35 measure about 200 A. Hence, both 
the M electrode and the n-type layer form conducting sharp points capa- 
ble of generating high local fields in the i-layer. The- e lectrons 
drifting toward the anode increase the conductivity of the [inflating 
region near the anode, thus reducing the potential drop over part of 
the i-layer and concentrating the electric field near the cathode as 
shown in Fig. 36. Hence, the steady state condition would consist of 
a high field near the cathode and a relatively low field over the rest 
of the nominally jin^lating region. 

A 
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Figure 35. Scanning electron micrograph of GaN surface. 


The following alternative models can be rejected for the reasons 
stated below: 

1. Double injection: a) No near-gap emission is observed in 

Zn-doped GaN, indicating the absence of free holes, b) No emis- 
sion is observed at the anode where holes would be injected. 

2. Impact ionization: a) The emission spectrum, not limited by 
self-absorption, does*no1: shift to higher energies with in- 
creasing excitation, b) There is no threshold breakdown volt- 
age. c) The expected power dependence of the I-V characteristic 
is not obtained. 
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The model of localized field emission suggests that one should 
probe the potential distribution along the direction of the current 
flow. Such a measurement was done with a fine tungsten probe moved by 
[a differential micrometer and connected ,to jin electrometer. posi~ 
tion resolution of the order of 0.5 ym could be obtained. ^oteh^^^ — 

tial profile across an M-i-n diode jis ^hown in Fig.- 37. With a pos- * 
itive bias on the In electrode, a_rise in potential i^jol^tajLiT^^ at^Ehe 
i-n transition where a sheet jof light is ^observed.' The thickness 'of -'the 
luminous sheet is difficult to determine because of the transparency 
of the crystal. When the polarity of the bias is reversed, a large 
potential drop appears at the M-i interface and light is emitted at this 
new position. The observed potential distribution is a necessary con- 
sequence of the proposed model of field concentration at the {cathode 



Figure 37. fPbtentiar profile probed along the M-i-n diode 
with both polarities of bias. The arrows show 
the position of the luminescent region during 
the indicated ^ polarity. 

Another consequence of the localization of the high ffield reg ion 
is the relatively low quantum efficiency of the radiative process (low 
in contrast to the values obtainable with [p^'^juhc^oln^^ other direct- 
gap compounds) ; the dwell timeof^the elec tro n in the vicinity of the 
|em*pty radiative center is short compared with the recombination timeT 



The thickness of the depletion region can be ( esti mated by solving 
Poisson's equation for a 10-V drop in a region presumed to'^contain 10^® 
donor-acceptor pairs per cm^. The result, 10“^ cm, would be in error 
only by a factor of about 3 if the pair concentration differed from 10^® 
by one order of magnitude. Assuming an electron velocity of 10^ cm/sec*, 
the electron spends only about 10“12 a region 10"^ cm thick. If 

the recombination time were of the order of 10“9 sec (as for the funda- 
mental transition in GaAs) , an emission efficiency of 10”^ would be 
expected. Admittedly, this is a rough order of magnitude estimate; but 
it is consistent with actual efficiency results. Actually, deep traps 
such as those responsible for luminescence in GaN should have very 


large capture (cross sections , of the order of 
to a recombination time of 10“^^ sec. 


10 cm^, corresponding 


Further insight into the details of this model will depend on the 
proper interpretation of the luminescence delay mechanism and the I-V 
characteristics. The quadratic dependence of the I-V characteristic 
suggests a space-charge-limited current (SCLC) in the presence of traps 
(33). However, the SCLC mechanism could occur only near the anode since 
electrons are the majority carriers. We do observe a rise in| potential 
at the anode when the metal is positive (Fig. 37) but not with the op-^ 
posite polarization. Hence, it is difficult to conclude that we have 
two mechanisms operating simultaneously: |l). field emission and lumi- 

nescence at the cathode, 2) SCLC at the anode controlling the I-V 
characteristic. 


The luminescence delay could be due to thermal emptying of traps 
in the presence of a high electric field. When M is negative the high 
field would stabilize instantly at the cathode. When M is positive, 
electron extraction from the deep centers to M would induce a positive 
space charge at the M-i interface. This space charge would propagate 
in a few microseconds to the i-n interface, where it would stabilize. 

Further thought and possibly further [tests* are needed before a 
definitive model will emerge. The final model may provide the long- 
sought explanation of electroluminescence in other materials, such as 
ZnS and ZnSe. 


*P. D. Southgate of our Laboratories attempted a determination of the 
saturation velocity of electrons in undoped GaN from I-V characteristics 
using very short pulses. The material was ohmic up to 10^ V/cm where 
the electron velocity was 7 x 10^ cm/sec, sett^g this_yalue as a lower 
limit for the saturation velocity. It is ‘conceivable, however , that 
in Zn-doped GaN this limit could be lower. 
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VIII. NEW INSTRUMENTATION FOR TESTING LEDS 


A test station was designed and built to record simultaneously 
the I-V characteristic and the dependence of the radiated power out- 
put on the electrical power input. Both of these curves were recorded 
as a log-log display. The circuit diagram for this test equipment is 
shown in Fig. 38. 

As the dc bias across the diode was slowly increased, the voltage 
across [th e diode and the current through the i-n transition were sensed 
by logarithmic converters whi ch fed their output ot an x-y plotter, thus 
generating a log I vs. log V display. 

Simultaneously with the I-V measurement, the dependence of the 
electroluminescent output L^^^ on the input power was recorded, also 
as a log-log plot. To obtain the L^^^ vs. characteristic, the light 
emission of the diode was chopped and detected by a calibrated jdetector , 
Lhe output of,;Which was synch rono vis ly simplified and converted into its 
^ logarithmic" value. The logarithm of the input power, P^j^, was obtained 
by adding the output of the two logarithmic converters which are used 
' ] to generate the I^V characteristics. 



Figure 38. Schematic diagram of the setup for the measurement 
of GaN LED. 











IX. CONCLUSIONS 


GaN, which in the undoped condition is highly conducting and n-type, 
can be compensated by deep acceptors. These impurities can act as ef- 
ficient radiative recombination centers emitting visible light. Be, 

Li, Mg, Dy, and Zn were found most effective in rendering |GaN insulating. 

By growing an insulating layer epitaxially on an undoped conducting 
layer, it was possible to make electroluminescent diodes emitting 
visible light continuously at roomjjtemper ature . Zn-doping of the 
insulating layer was the object of our most intensive study. The par- 
tial pressure of the Zn vapor was varied during growth, the growth tem- 
perature was changed at constant Zn pressure, and the duration of growth 
was varied. From the accumulated data it appears that the best results 
[are V obtained when the crystal is grown in the 850® to 960® range with 
the Zn vapor pressure adjusted to barely over compensate the native donors. 

Electroluminescence was obtained over the blue to red range with 
Zn as the compensating impurity. The best results were obtained with 
emission in the blue-green at |a 0.1% power’^ efficiency. A brightness 
of 850 fL was achieved. A modulation at 70 MHz was possible by adding 
the modulation to a dc bias. In some diodes the color of the emitted 
light could be switched from red to green or red to yellow by reversing 
the polarity. 

Valuable results were obtained by studying the luminescence prop- 
lerties of’ ion- implanted GaN. 

A model was developed to account for [some of the properties of 
electroluminescent diodes: field emission of electrons from deep cen- 

ters as the cathode leaves empty (neutral) deep acceptors which [haveT 
a large capture cross section for radiative transition. The field is 
localized at the cathode by sharp points resulting from the texture of 
microfacets. 

Much work still remains to be done [b efo re GaN reaches its ultimate 
potential as a practical source of electroluminescence. The growth 
parameters need further optimization, especially concerning the choice 
of substrate to minimize lattice mismatch and interfacial strain. The 
properties of other impurities must be explored in our search for p-type 
GaN. Further insight must be gained in the operation of the GaN LED 
through a study of the kinetics of radiative recombination (delay effects 
and recombination time) and a [^tudy of the temperature dependence of 
electrical and optical prope rties. Eventuall y the proper ties of related 
compounds should be lexpflored: In^-x^^k^i ^^l-x^^x^j ^^1- xAlxN. 
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